We demonstrate thermal classification of sequentially written fiber Bragg gratings. This Letter presents a process to determine the type of fiber Bragg grating written in SMF28 and GF4A by introducing the gratings to thermal treatment. This technique can be applied to several approaches based on sequential writing, including the small spot direct ultraviolet writing technique. Four different types of gratings have been identified, which are dependent on the fiber type and fluence used during the writing process.
Fiber Bragg gratings (FBGs) are widely used for harsh environmental sensing due to their thermal stability, small footprint, chemical inertness, and immunity to electromagnetic interference [1, 2] . For these reasons, FBGs find their application in various sectors, for example, automotive, civil engineering, and aerospace [3] . The broad temperature range in aerospace environments is specifically challenging for sensor development, as they can range from −55°C externally over 600°C near the brakes and over 1500°C in the engines [4, 5] . Depending on the grating type, the FBGs can withstand temperatures up to and over 1000°C. Hence, they form an ideal sensor platform for high-temperature environments [6, 7] . To fabricate an optical sensor based on Bragg gratings, it is important to know the grating type, as this defines the operating range of the device.
There are eight different fiber Bragg grating types, summarized by Canning in Ref. [7] . For most FBGs, the fiber type (doped, hydrogenated, etc.), along with the laser source used to create those gratings, dictates the type of grating. However, some gratings, such as the regenerated gratings, require postprocessing and will be not discussed in this Letter.
As discussed by Canning, the physical features of these gratings are mainly dependent on the composition of the fiber and the writing process that induces the refractive index change in the fiber. The underlying mechanisms of the index change are not yet fully determined, but it is commonly accepted that defects cause a refractive index change in the material. The color center model explains the refractive index change by a photo-induced alteration of the absorption according to the Kramers-Kronig relations [8] . For higher doses of UV radiation, it is believed that densification has a greater impact on the refractive index change [9] .
Oftentimes, gratings are simple to classify, as they show distinct features during the fabrication process. This is particularly apparent for germanosilicate fibers during the transition from Type I to Type In grating: during the initial exposure, the grating develops, and the central wavelength starts to red shift. With further exposure, the grating reflection becomes weaker and develops a blue shift. With the blue shift, the grating reflection gets stronger again [10] . This process is called roll-over and indicates the transition from Type I to Type In. The Type In gratings are known as negative index gratings. The fact that the spectral red or blue shift directly corresponds to the average refractive index gives a real-time indication of an index increase or decrease. It should be noted that this roll-over feature does not occur for hydrogen-loaded fibers, which typically transitions from Type IH to Type IHp.
Generally, spectral shifts during fabrication are used to classify different grating types. This method is established for writing techniques, such as the phase mask approach where the whole grating is exposed at once [11] . The work presented in this Letter classifies gratings written with the small spot direct ultraviolet writing (SSDUW) technique. Due to the writing technique being inherently different, a classification based on the spectral response cannot be pursued with the established technique, as the full grating response cannot be monitored during the writing process. This also applies to other sequential grating writing approaches. Therefore, the classification was achieved by thermal processing.
The SSDUW technique is a fabrication method, where the grating structure is formed using a small interference spot. Figure 1 displays the setup of the system. The beam of a frequency-doubled cw argon ion laser (244 nm) is split with a beam splitter into two arms creating an interferometer. Both beams are recombined and focused in the fiber core, where they create an interference pattern. The fiber is stripped and held by fiber clamps on both ends with an applied tension of 0.5 N. This setup is mounted on a translation stage that moves the fiber through the interference spot during the writing process. One arm of the interferometer is passed through an electrooptical modulator, which modulates the phase of the arm with an applied voltage and, hence, moves the interference fringes. When the fringes move with the same speed as the translation speed of the fiber, the constructive interference fringes expose the core and form a refractive index grating. This interferometric technique creates an interference pattern with a fixed period. However, by moving the grating fringes with a slightly slower (or slightly faster) speed than the fiber is translated through the beam, the grating period becomes larger (or smaller). This detuning allows the writing of gratings over a wide wavelength range [12] . Prior to writing, the interference spot is aligned at five positions along the length of the fiber. An algorithm creates an interpolation of these positions and corrects for the spot's spatial position during the writing process to ensure a continual alignment of the interference sport within the core.
Within this Letter, the crossing angle of the two UV laser beams was set to 26°, which results in an inherent interference period of 542 nm. A 14 μm spot will then include 26 grating fringes. Due to the small spot, greater control can be placed on the grating design compared to conventional UV writing techniques [13, 14] .
Grating classification was performed for two different types of fiber: GF4A, a photosensitive cladding mode offset fiber, specifically developed by Nufern for FBG writing; and SMF28 from Corning, a fiber widely used in telecommunication. Gaussian apodized FBGs were written physically consecutively with an individual grating length of 5 mm in both fibers. An example of the spectral response of the different gratings in GF4A and SMF28 is displayed in Fig. 2 . SMF28 was hydrogen loaded at 130 bars for two weeks prior to the writing process to enhance photosensitivity. Since GF4A has large inherent photosensitivity, it did not require hydrogen loading. The gratings were written at different fluences (energy per surface area) controlled by the translation speed of the fiber. The fluence in the SSDUW technique is comparable to the exposure time in conventional fabrication methods where the whole grating is typically exposed at once. Therefore, the fluence determines the type of grating, along with the fiber type and its state of hydrogenation, as this defines the induced refractive index change. An overview of the different fluences that have been used to define the gratings and their reflections for both GF4A and SMF28 is represented in Fig. 3 . These reflection spectra were measured at room temperature. The laser power was measured prior to each writing experiment to be approximately 53 1 mW.
For the thermal treatment, the FBGs were inserted into a furnace (Seven Thermal Solutions CU2006), which was ramped up at 5°C/min to 850°C for the GF4A fiber and to 750°C for the SMF28 fiber. The temperature was held at the peak temperature for 30 min after which it was ramped Fig. 1 . Set up of the SSDUW system: the 244 nm laser beam is divided up into two arms that are recombined in the fiber core, creating an interference pattern. Fig. 2 . Bragg reflection versus the wavelength for a grating written with 10 kJ∕cm 2 in the photosensitive GF4A and with 7 kJ∕cm 2 in hydrogen-loaded SMF28 collected at room temperature. Fig. 3 . Bragg reflection versus fluence for GF4A and hydrogenloaded SMF28 measured at room temperature. Notice that the GF4A has a minimum around 20 kJ∕cm 2 , indicating the characteristic roll-over from Type I to Type In. down at 5°C/min. An argon gas purge was introduced 30 min prior to the ramp up in order to create an inert environment. The reflection spectrum was recorded during the thermal treatment using a broadband super luminescent source (Amonics ASLD-CWDM-5B-FA), covering the range from 1250 to 1650 nm, and an optical spectrum analyzer (ANDO AQ6317B). A thermocouple was used to track the effective reference temperature inside the furnace.
The evolution of the reflection over the temperature for GF4A is presented in Fig. 4 for three different fluences. The lowest fluence grating (10 kJ∕cm 2 ) shows a decay in reflection starting at 250°C. The highest fluence grating (40 kJ∕cm 2 ) demonstrates a constant reflection strength up to 650°C, where the reflection suddenly drops. These two distinctly different thermal behaviors indicate two different grating types and can be classified into Type I and Type In behavior [7] . The grating that was written with 20 kJ∕cm 2 shows a particularly weak reflection at room temperature. This grating can be assumed to inherit both grating types: Type I and Type In, which suppress each other. With an increasing temperature, the Type I grating anneals out and only the Type In grating becomes apparent. Hence, the grating reflection increases at around 400°C. This grating can be seen as a transition from a Type I to Type In grating, which was previously believed to be a double regeneration [15] . Such transitions have been reported in the literature [11] . With respect to Fig. 3 , this transition correlates to the dip in the GF4A reflection spectrum for different fluences. However, it is not apparent for SMF28, as this transition does not occur in hydrogen-loaded fiber. Figure 5 shows the results for the hydrogenloaded SMF28. The figure shows two fluences with the thermal behaviors of distinct grating types. The low fluence grating was written with 3 kJ∕cm 2 and demonstrated a continuous grating reflection decay, which onsets at 100°C. This grating demonstrates Type IH behavior, which has similar features to the Type I grating in non-hydrogen-loaded fibers. It has a lower thermal stability than the high fluence grating, which was written with 70 kJ∕cm 2 . This high fluence grating shows a thermal stability up to 400°C. The higher fluence grating can be classified as Type IHp behavior, as this possesses significantly higher thermal stability.
In conclusion, this Letter identifies for the first time, to the best of our knowledge, the classification of grating types written with the SSDUW technique using thermal treatment. Depending on the energy that has been introduced to the fiber core during the writing process, a distinction between Type I and Type In in GF4A and Type IH and Type IHp in SMF28 has been accomplished. This method can be used specifically to characterize gratings defined through the sequential writing techniques, where the serial fabrication of the grating planes prohibits the definition of the grating type during the fabrication process. The classification is a destructive method, which reveals writing parameters linked to the grating type and, hence, can be used to write specific grating types in future runs. With these results, future FBGs written with the SSDUW system can be defined within the current framework and, hence, are comparable with FBGs written with other techniques.
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